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E-mail address: htokuda@iam.u-tokyo.ac.jp (H. ToSeven Lpt proteins (A through G) are thought to be involved in lipopolysaccharide transport from
the inner to outer membrane of Escherichia coli. LptB belongs to the ATP-binding cassette trans-
porter superfamily. Although the lptB gene lacks neighboring genes encoding membrane subunits,
bioinformatic analyses recently indicated that two distantly located consecutive genes, lptF and
lptG, could encode membrane subunits. To examine this possibility, LptB was expressed with LptF
and LptG. We report here that both LptF and LptG formed a complex with LptB. Furthermore, an
inner membrane protein, LptC, which had been implicated in lipopolysaccharide transport, was also
included in this complex.
Structured summary:
MINT-7137021: lptb (uniprotkb:P0A9V1) physically interacts (MI:0914) with lptc (uniprotkb:P0ADV9),
lptg (uniprotkb:P0ADC6) and lptf (uniprotkb:P0AF98) by pull down (MI:0096)
MINT-7137160: lptb (uniprotkb:P0A9V1) physically interacts (MI:0914) with lptf (uniprotkb:P0AF98) and
lptg (uniprotkb:P0ADC6) by pull down (MI:0096)
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction The lptB gene located at 72.0 min on the E. coli chromosomeThe outer membrane (OM) of gram-negative bacteria contains
lipopolysaccharides (LPS) in the outer leaﬂet and phospholipids in
the inner leaﬂet [1]. b-Barrel proteins span OMwhile most lipopro-
teins are anchored to OM through acyl chains attached to the N-ter-
minal cysteine [2]. These componentsare transported fromthe inner
membrane (IM) to OM through specialized targeting pathways [3].
The ATP-binding cassette (ABC) transporter MsbA ﬂips LPS from
the inner to outer leaﬂet of IM [4]. Analyses of Escherichia coli mu-
tants revealed that IM proteins, LptB and LptC, and a periplasmic
protein, LptA, are required for the LPS transport to the inner leaﬂet
of OM [5,6], where an LptD-LptE (formerly Imp-RlpB) complex ﬂips
LPS to the outer surface [7,8]. Tran et al. [9] speculated that LPS is
targeted to OM through a pathway analogous to the lipoprotein-
targeting system comprising the ABC transporter LolCDE, the peri-
plasmic carrier protein LolA, and the OM receptor protein LolB [2].
In contrast, LPS transport has been proposed to occur via sites con-
necting IM and OM [10].chemical Societies. Published by E
omassie Brilliant Blue R-250;
ilized metal afﬁnity chroma-
de; LPS, lipopolysaccharides
kuda).encodes an ABC protein. Unlike other bacterial ABC transporters,
lptB lacks neighboring genes that encode membrane subunits so
as to form an ABC transporter complex. Bioinformatic exploration
allowed identiﬁcation of genes for the membrane subunits that
might constitute the ABC transporter with LptB [11]. The two
essential genes, yjgP and yjgQ, form an operon at 96.7 min on
the E. coli chromosome. Depletion of either gene caused a defec-
tive envelope, the defect being similar to that caused by LptB
depletion [11]. Thus, yjgP and yjgQ were suggested to encode
membrane subunits, and were renamed lptF and lptG, respec-
tively. However, it remained unclear whether their depletion di-
rectly impairs LPS transport and whether LptB forms a complex
with them. Here we present the ﬁrst biochemical evidence for
the formation of an ABC transporter complex from LptB, LptF
and LptG. Moreover, it was found that IM protein LptC is also in-
cluded in the complex.
2. Materials and methods
2.1. Materials
L-Rhamnose and L-arabinose were purchased from Nacalai Tes-
que (Kyoto, Japan) and Sigma, respectively. Isopropyl-thio-b-D-lsevier B.V. All rights reserved.
Fig. 1. Co-expression of LptF and LptG stabilizes LptB. (A) C43(DE3)/pLysS cells
harboring pLptB or pLptBFG were grown at 37 C to the early logarithmic phase
Expression of LptB or LptBFG was induced by the addition of the speciﬁed
concentrations of isopropyl-thio-b-D-galactopyranoside (IPTG) at 37 C for 2 h. Cells
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(Osaka, Japan). n-Dodecyl-b-D-maltopyranoside (DDM) was ob-
tained from Dojindo Laboratories (Kumamoto, Japan). Anti-Penta-
His HRP conjugate was purchased from QIAGEN.
2.2. Bacterial strains and plasmids
E. coli K-12 KRX was purchased from Promega. E. coli B strain
C43(DE3) [12] was provided by John Walker. The construction of
plasmids is explained in Supplementary Fig. 1.
2.3. Puriﬁcation of LptBFG and LptBFGC complexes
E. coli KRX carries a gene for T7 RNA polymerase under the con-
trol of the L-rhamnose-inducible rhaPBAD promoter. To suppress ba-
sal expression of T7 RNA polymerase, the KRX strain was
transformed with pLysS [13]. KRX/pLysS cells were then trans-
formed with pLptBFG encoding LptB/F/G and grown at 37 C. When
the culture OD reached 1.0, the expression of LptB/F/G was induced
for 3 h by the addition of 0.02% L-rhamnose. To co-express LptC,
KRX/pLysS/pLptBFG cells were transformed with pLptC and grown
as described above except that 0.02% L-arabinose was added with
the L-rhamnose. Cells were harvested by centrifugation at
5000g for 10 min, and then resuspended in 50 mM Tris–HCl, pH
7.5, containing 10 lg mL1 DNase I and 500 lg mL1 protease
inhibitor cocktail (Sigma). Harvested cells were frozen-thawed
and disrupted by a single passage through a French Press cell at
10 000 psi. After removal of unbroken cells by centrifugation at
10 000g for 10 min, membranes were recovered by centrifugation
at 100 000g for 1 h and then resuspended in 20 mM Tris–HCl, pH
7.5, containing 10% glycerol. Membranes were solubilized with
20 mM Tris–HCl, pH 7.5, containing 5 mM MgCl2, 1% DDM, 10%
glycerol and 2 mM ATP on ice for 30 min, followed by centrifuga-
tion at 100 000g for 30 min. The supernatant was applied to TA-
LON metal afﬁnity resin (Clontech), followed by elution with
20 mM Tris–HCl, pH 7.5, containing 300 mM NaCl, 0.05% DDM,
10% glycerol and 50 mM imidazole. The eluate was concentrated
by ﬁltration (Amicon Ultra, Millipore), and then subjected to size
exclusion chromatography (Superdex 200, 10/300 GL, GE Health-
care). The column was pre-equilibrated with 20 mM Tris–HCl, pH
7.5, containing 300 mM NaCl, 0.05% DDM and 10% glycerol, and
developed with the same buffer at a rate of 0.5 mL min1 and frac-
tions of 0.5 mL were collected.
2.4. Other techniques
SDS–PAGE was carried out as described [14]. Proteins were
blotted onto polyvinylidene ﬂuoride membranes, treated with
antibodies and then developed with enhanced chemiluminescence
substrate (ECL-Plus, GE Healthcare), followed by detection with a
lumino-image analyzer (LAS-1000plus; Fujiﬁlm).were harvested and disrupted by sonication. After removal of unbroken cells, cel
lysates were fractionated into membranes and supernatants by centrifugation a
100 000g for 1 h. Equivalent amounts of the respective fractions were analyzed by
SDS–PAGE and immunoblotting with anti-His tag antibodies to detect LptB-His. (B
C43(DE3)/pLysS cells harboring pLptB (squares) or pLptBFG (circles) were grown as
described in A. IPTG (1 mM) and tetracycline (Tet, 50 lg mL1) were added as
indicated. The growth of cells was monitored by measuring the turbidity at 660 nm
(C) Aliquots (10 lL) of the culture shown in B were withdrawn at the indicated
times after the addition of tetracycline and then subjected to SDS–PAGE followed by
immunoblotting with anti-His tag antibodies. (D) The densities of the bands shown
in C were determined and plotted as a function of time after the addition o
tetracycline. (E) Expression of Lpt proteins was induced by the addition of 0.02% L-
rhamnose at 37 C for 3 h in KRX/pLysS cells harboring pLptB or pLptBFG. Cells were
harvested and disrupted as described under Materials and Methods. Equivalen
amounts of proteins from whole cells (C), unbroken cells (U), soluble fractions (S
and membranes (M) were analyzed by SDS–PAGE and Coomassie Brilliant Blue R-
250 (CBB) staining (upper panel) or immunoblotting (lower panel) with anti-His tag
antibodies. The asterisk indicates LptF and/or LptG.3. Results
3.1. Co-expression of LptF and LptG stabilizes LptB
The chromosomal lptF and lptG genes are aligned and oriented
in the same direction with a single overlapping base, indicating
that they form an operon. To express ABC protein LptB and mem-
brane proteins LptG and LptF, their genes were cloned into pCDFD-
uet-1 (Novagen). The plasmid thus constructed, pLptBFG, carries a
gene for hexahistidine (His)-tagged LptB at the ﬁrst multiple clon-
ing site and the genes for LptG and LptF at the second site (Supple-
mentary Fig. 1). C43(DE3)/pLysS cells were transformed with pLptB
or pLptBFG, and then the expression of Lpt proteins was induced byIPTG. Subcellular fractionation revealed that the level of LptB in the
membrane fraction signiﬁcantly increased on the co-expression of
LptF/LptG (Fig. 1A). We then examined the level of LptB after the.
l
t
)
.
f
t
)
Fig. 2. LptF, LptG and LptC are co-puriﬁed with LptB. Membrane fractions were
prepared from KRX/pLysS cells harboring pLptBFG or pLptBFG plus pLptC, and then
solubilized with n-dodecyl-b-D-maltopyranoside (DDM), followed by metal afﬁnity
chromatography as described under Section 2. Proteins in membranes (M), DDM-
soluble fractions (S), pass-through fractions (T), and fractions eluted with buffer
containing 0, 10 and 50 mM imidazole (W, E1 and E2, respectively) were analyzed
by SDS–PAGE with staining with CBB. N-Terminal sequencing allowed identiﬁcation
of the bands, as indicated at the right of the gel.
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Growth was completely arrested soon after the addition of tetracy-
cline (Fig. 1B). When expressed alone, the level of LptB rapidly de-
creased whereas it remained at high level in the presence of LptF
and LptG (Fig. 1C and D), indicating that LptF and/or LptG stabilize
LptB, presumably through complex formation.
Since antibodies against LptF or LptG were not available, detec-
tion of these proteins expressed in C43(DE3)/pLysS cells harboring
pLptBFG was difﬁcult on SDS–PAGE with staining with Coomassie
Brilliant Blue R-250 (CBB) (data not shown). To improve their
expression, the Lpt proteins were expressed in the KRX strain,
which carries a gene for T7 RNA polymerase under the tight control
of the rhaPBAD promoter and is known to improve the expression of
some proteins. When cells harbored pLptBFG, a band correspond-
ing to an apparent molecular mass of 32 kDa was detected on
SDS–PAGE of the membrane fraction, whereas no such band was
detected when the cells harbored pLptB, suggesting that the bandFig. 3. Size exclusion chromatography of LptB-containing complexes. The LptBFG (A)
exclusion chromatography as described under Section 2. Aliquots of the fractions (20 ll
mass markers and fraction numbers are indicated above the gel. The input protein wasrepresents LptF and/or LptG (Fig. 1E). The total level of LptB was
higher in KRX/pLysS cells harboring pLptB than ones harboring
pLptBFG. However, most LptB molecules expressed alone were
insoluble and recovered with unbroken cells, indicating the forma-
tion of inclusion bodies (Fig. 1E). In contrast, the majority of LptB
molecules expressed with LptF and LptG were recovered in the
membrane fraction.3.2. Isolation of the LptBFG and LptBFGC complexes
Membranes prepared from KRX/pLysS cells harboring pLptBFG
were solubilized and then subjected to immobilized metal afﬁnity
chromatography (IMAC). Preliminary experiments suggested that
the LptBFG complex was stably solubilized with DDM as the Lol-
CDE complex was [15]. DDM could efﬁciently solubilize LptBFG
although some LptB molecules remained insoluble, presumably
as an inclusion body. Eluate fractions E1 and E2 gave two bands
at positions corresponding to 32 kDa in addition to the LptB-His
band detected at about the 26 kDa position (Fig. 2). The N-terminal
sequences were found to be MIIIR and MQPFG for the slower and
faster migrating bands, respectively, which were identical to those
of LptF and LptG. Thus, both LptF and LptG were biochemically
found to form a stable ABC transporter complex with LptB, which
has been reported to form a complex with uncharacterized part-
ners [16]. Both LptF (40.4 kDa) and LptG (39.6 kDa) molecules mi-
grated faster than expected from their molecular masses,
presumably because of their hydrophobic properties.
LptC is a bitopic IM protein encoded by a gene located immedi-
ately upstream of lptA and lptB. Depletion of LptC impairs LPS
transport, as observed when LptA, LptB, LptD or LptE was depleted
[6]. It therefore seemed possible that LptC functions with the
LptBFG complex. To determine whether or not LptC is included
in the ABC transporter complex, membranes prepared from KRX/
pLysS cells harboring pLptBFG and pLptC were solubilized and then
subjected to IMAC as described above. The eluate fraction gave an
extra band migrating to a position corresponding to 19 kDa (Fig. 2).
The N-terminal sequence of this material was MGKAR, which wasand LptBFGC (B) complexes puriﬁed in Fig. 2 (fraction E2) were subjected to size
) were analyzed by SDS–PAGE and CBB-staining. The elution positions of molecular
analyzed in the left lane.
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the LptC molecules lacked the N-terminal M. To create a restriction
site, S at position 2 of LptC was mutated to G (Supplementary
Fig. 1). These results indicate that the LptBFG complex is a unique
ABC transporter possessing an additional subunit, LptC, and cata-
lyzes the LPS transport to OM.
3.3. Subunit ratio of the LPS-speciﬁc ABC transporter
The LptBFG complex with or without LptC was analyzed by size
exclusion chromatography. Since the complex was puriﬁed with
His-tag afﬁnity resin, the puriﬁed fractions contained excess
LptB-His, which was mainly eluted as homo-oligomers in fractions
corresponding to 60–120 kDa whether LptC was co-expressed or
not. Both the LptF and LptG subunits were eluted with LptB in a
fraction corresponding to 280 kDa in the absence of LptC (Fig. 3A,
fraction 25). On the other hand, these two membrane subunits
and LptC were eluted with LptB in fractions corresponding to
slightly larger molecular masses (Fig. 3B, fractions 24 and 25).
The elution proﬁles of LptC, LptF and LptG were essentially identi-
cal, indicating strongly that LptC is an intrinsic subunit of the
complex.
Determination of the respective band densities revealed that
the subunit ratio of LptBFG was LptB:LptF:LptG = 2:1:1. The sub-
unit ratio of the LptBFGC complex was LptB:LptF:LptG:
LptC = 2:1:1:1. The predicted molecular masses of the LptB2F1G1
and LptB2F1G1C1 complexes were 135.5 kDa and 157.2 kDa, respec-
tively. LptB was reported to form a 140 kDa complex with
uncharacterized partners [16]. In contrast, the molecular masses
of LptBFG and LptBFGC complexes determined on the size exclu-
sion chromatography were 280 kDa and 330 kDa, suggesting
that they exist as dimers of LptB2F1G1 and LptB2F1G1C1, respec-
tively, under the current conditions, although binding of DDM mi-
celles is not completely excluded. A half-type human ABC
transporter, ABCG2, has been reported to exist as a tetramer in a
detergent solution [17]. However, it seems more likely that both
LptBFG and LptBFGC complexes exist as monomers in the cells.
The ATPase activities of the LptBFG and LptBFGC complexes
(Supplementary Fig. 2A) exhibited similar Km (1.94 ± 0.27 and
1.54 ± 0.16 mM, respectively) and Vmax (129.3 ± 7.7 and
119.5 ± 5.0 ATP mol min1 mol1, respectively) values. These val-
ues were considerably different from those of LolCDE in proteo-
liposomes [15] and MsbA in a DDM solution [18], both of which
have been reported to exhibit similar Km (0.3 mM) and Vmax
(60 ATP mol min1 mol1) values. Both LptBFG and LptBFGC
complexes were sensitive to orthovanadate (Supplementary
Fig. 2B) as reported with many other ABC transporters [19]. The
ATPase activities of many ABC transporters are stimulated by their
substrates [20]. In contrast, those of LptBFG and LptBFGC com-
plexes were unaffected by LPS, phospholipids and lipid A (Supple-
mentary Fig. 2C).4. Discussion
The four domains of bacterial ABC transporters, i.e. two nucleo-
tide-binding domains and two membrane-spanning ones, are fre-
quently located in separate polypeptides [19]. However, the
genes for the subunits of ABC transporters usually form an operon.
The E. coli chromosome has been predicted to encode 79 ABC pro-
teins and 57 ABC transporters [21]. Some ABC proteins are not in-
volved in transport reactions and therefore lack neighboring genes
encoding membrane subunits. LptB was identiﬁed as an ABC pro-
tein required for LPS transport but apparently lacked membrane
subunits. However, we biochemically proved that LptF and LptG
are the membrane subunits of the LPS-speciﬁc ABC transportercomplex. Other orphan ABC proteins might have membrane sub-
units encoded by genes distantly located in a bacterial genome.
Although LptC is essential for the transport of LPS to OM, the ki-
netic parameters of the ATPase activity were hardly affected by
LptC (Supplementary Fig. 2). The gene organization of lptC–lptA–
lptB is highly conserved among gram-negative bacteria. It seems
likely that LptC plays a distinct role in the LPS transport. To eluci-
date the speciﬁc function of LptC, the LPS transport activity must
be reconstituted into proteoliposomes with LptBFGC. Molecular
mechanisms underlying the functions of ABC transporters have
been signiﬁcantly clariﬁed by the crystal structures of both ABC
importers and exporters [22,23]. It is of great interest how the
accessory protein LptC affects the function of the LptBFG complex
and thereby contributes to LPS transport.
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